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Microwave sensor designs offer unique advantages, including low cost, compact size, and
high accuracy. In this context, they play critical roles in various fields, including health,
the food industry, and defense. Resonance-based microwave resonator design constitutes
an important class of sensors due to their superior sensitivity and accuracy. This study
proposes a reproducible and feasible microwave resonator design with the potential to
characterize samples. This resonator has the potential to achieve detection through a shift
in the resonant frequency and/or a change or deterioration in the quality factor after the
sample is placed in the resonator. As a result of the literature review, it has been identified
that the quality factor (Q-factor), depth of transmission/reflection scattering parameters,
and structural simplicity are critical performance parameters for the proposed design.
Moreover, these parameters pose potential limitations and drawbacks in the sensors
presented in the literature. The proposed transmission-based sensor design exhibits better
performance compared to sensors available in the literature, with an approximately 2.66

GHz resonance frequency and a —61.54 1S1214B value. The proposed microwave

Electromagnetics
Low cost

resonator design can be preferred in industry and sensing applications.
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1. INTRODUCTION

Microwave (MW) sensors offer several advantages, including
compact design, high accuracy, low cost, ease of production, and
straightforward testability when compared to other alternatives. Due to
these clear advantages, MW sensors are essential in a variety of sectors,
including healthcare [1], the food industry [2], defense [3], and the
general industry [4]. In recent years, researchers have undertaken
numerous studies on sensing applications using MW sensors [5-6].
Based on our literature review, it was found that the quality factor (Q-
Factor) is a crucial performance parameter. This parameter may present
potential limitations, and the sensors proposed in existing studies often
exhibit shortcomings in these areas [ 7]. Some of the studies conducted in
this field in the literature have been examined and analyzed in detail.
Tamer et al. developed and systematically analyzed a metamaterial-
based liquid sensing device integrated with a microstrip transmission
line. Inthe proposed configuration, a sensing layer is positioned along the
radiating edge of a patch antenna fabricated on an FR-4 substrate [8].
Viskadourakis et al. introduced microwave-based complementary split-
ring resonator structures. Specifically, millimeter-scale complementary
split-ring resonators were fabricated using a computer numerical control
technique in conjunction with a custom-built mechanical engraving
system. Their electromagnetic characteristics were extensively analyzed

over the 2-9 GHz frequency band [9]. Islam et al. designed and assessed
a metamaterial-based sensor design architecture. For the proposed
design, the authors investigated key design parameters, including the
resonator width, split gap dimensions, and the choice of substrate
material. A metamaterial-based sensor featuring a star-shaped circular
split-ring resonator was introduced for operation in the X-band frequency
range [10]. In a separate investigation, Al-Mudhafar et al. developed and
fabricated a PCB-based microwave active antenna sensor operating at
approximately 3 GHz for liquid characterization. The proposed sensor
was designed using the advanced design system (ADS) electronic design
automation software [11]. Han et al. introduced a metamaterial-based
microwave sensor design employing a complementary split-ring
resonator (CSRR) configuration to evaluate the dielectric properties of
both liquid and solid samples. The proposed design functions at a
resonant frequency of 2.45 GHz and features a compact physical size of
40 mm x 30 mm x 0.6 mm. The design aims to characterize the dielectric
permittivity of the tested materials [12]. In contrast, Cakmak et al.
presented an alternative approach that offers new insights into the
dielectric characteristics of structural materials. The study examined the
mechanical performance, microstructural features, and dielectric
behavior of mortar specimens incorporating pozzolanic constituents such
as obsidian (OB), silica fume (SF), fly ash (FA), and ground granulated
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blast furnace slag (GGBS) [13]. Han et al. developed a metamaterial-
based microfluidic microwave sensor design intended for the
characterization of the dielectric properties of liquid samples. In the
proposed configuration, the resonator is coupled to a microstrip
transmission line, while enhanced electric-field confinement is achieved
through the incorporation of a curved notch within the complementary
split ring resonator (CSRR) geometry and the integration of a
polidimetilsiloksan (PDMS)-based microfluidic channel positioned atop
the resonator [14]. Giirdogan et al. developed a compact multilayer
implantable antenna intended for biotelemetry systems functioning in the
medical implant communication service (MICS) band. The antenna is
energized through a coaxial probe feed and operates in a single frequency
band near 400 MHz. Its radiation performance is characterized by a
relatively consistent pattern distribution within the operating range.
Furthermore, the evaluated specific absorption rate (SAR) levels were
found to remain within the permissible limits defined by international
safety standards for this band [15]. Topal et al. presented the design and
fabrication of a space-qualified magnetic torque rod developed as an
attitude control actuator for satellite platforms. The proposed device is
intended for deployment across multiple orbital regimes, including Low
earth orbit (LEO, 400-700 km), medium Earth orbit (MEO, 18,000
22,000 km), and global positioning system (GPS) satellite missions. The
study emphasizes its suitability for providing reliable attitude and
orientation control under varying space environment conditions [16].
Karan et al. investigated the electromagnetic radiation (EMR) emitted by
wireless network adapters equipped with high-gain antennas and
conducted a comparative assessment against other common EMR
sources. Experimental measurements were performed at both short-
range and long-range distances from the transmitting unit in order to
evaluate the variation of radiation levels with respect to separation
distance [17]. Examination of similar studies in the literature revealed
that they were not at a sufficient level in terms of quality factor and depth
of transmission/reflection scattering parameters. To address these
limitations and drawbacks [7], this study proposes a MW resonator
design that is repeatable, practical, and has the potential to respond to
changes in dielectric parameters. The proposed design exhibits effective
performance with high Q-factors using low-cost dielectric material. The
proposed sensor design outperforms other designs reported in the
literature [8-14], operating at a frequency of 2.66 GHz with a Q-factor of
1330. Moreover, the proposed design stands out as a promising candidate
for MW detection applications due to its advantages, including superior
quality and compact design.

2. MATERIALS AND METHODS

This section will provide a detailed discussion on the design and
analysis process of the MW resonator. The dimensions of the proposed
configuration were carefully analyzed, leading to the achievement of the
optimum design. The final version of the configuration is presented in
Figure 1 along with its dimensions in Figure 1(a) and energy ports in
Figure 1(b). Simulations were conducted using the finite integration
technique (FIT) within the computer simulation technology microwave
software. The frequency domain solver was employed with the highest
resolution and an accuracy level of 102 The number of cells per
wavelength was automatically adjusted to ensure the accurate simulation
of S-parameters. The mesh type used in the simulation was selected as a
tetrahedral mesh, with the minimum and maximum transition numbers
per wavelength set to 3 and 8, respectively.
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Fig. 1. (a) Front, (b) perspective view of the proposed sensor.

The design comprises a group of square resonators and a
transmission line on the top, an FR-4 dielectric layer in the
middle, and a copper grounding layer at the bottom. In the
proposed design, the FR-4 material was characterized by a loss
tangent value of 0.025, a permittivity of 4.3, and a thickness of
1.52 mm. The reasons for choosing FR-4 material in this study
include cost analysis, market availability, and repeatability. The
configuration has overall dimensions of 40 x 40 mm?2 and is
optimized for operation within the 0.1-5 GHz frequency range.
The number of cells per wavelength was automatically adjusted

to enable the simulation of the S-parameters. The 512 lavalue
of the transmission-based sensor designed in the CST program is
shown in Figure 2, where the resonance frequency is

approximately 2.66 GHz, and the |S12la value is nearly -61.54
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dB. Electric field distributions were examined to understand the
working principle of the proposed sensor. Changes in the electric
field provide information about the amount of energy the sensor
can store [10]. The electric field distributions of the proposed
design were simulated with air at the resonance frequency of 2.66
GHz. As seen in Figure 3, the electric field intensity is higher (red
bubble) in the components that make up the resonator. As a result,
the proposed design is capable of detecting even the smallest
changes in the electrical properties of the sample.
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Fig. 2. 1S12lam Response of the proposed sensor without a
sample (air).
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Fig. 3. E-field distribution of the proposed sensor with air.

3. RESULTS AND DISCUSSIONS
It is observed that the resonance frequency of the proposed

sensor is 2.66 GHz, and the |12 4B value is -61.54 dB in an air
environment. In the proposed design, it was simulated in the 0.1-
5 GHz frequency range by using different substrate materials
instead of the preferred FR-4 substrate material. The aim here is
to show why FR-4 material is preferred in design. In the proposed
design, instead of FR-4 substrate material, Rogers RO3003C,
Rogers RO4003C, and Rogers RT5870 substrate materials were
placed and simulated. The results obtained are presented in Figure
4 and show that the proposed transmission resonance design with
FR-4 (proposed) substrate material reached approximately -61.54
dB at the 2.66 GHz resonance frequency. Similarly, the
simulation results (resonance frequency & magnitude) with
RO3003C, RO4003C, and Rogers RT5870 substrate materials are
2.81 GHz & -55.21 dB, 2.61 GHz & -52.27 dB, 3.13 GHz & -
57.47 dB, respectively.
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Fig. 4. Impact o 812 lapt the proposed sensor caused by the
different substrate materials.

The performance of the sensor is typically evaluated using
dimensionless sensor parameters, such as Q-factor [10].
Equations (1) and (2) are used to calculate the Q-factor and
bandwidth frequency of the proposed sensor. Here, f; and f;
represent the resonance frequency and the bandwidth frequency
of the proposed design. The bandwidth frequency is higher and

lower frequencies corresponding to S12ldB the resonance
frequency fc, lower than 3 dB.
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Table 1 presents a performance comparison of our proposed
sensor design and other sensors in the literature [8-14] in terms of
Q-Factor, substrate material used in the sensor design, magnitude
value at resonance, and resonance frequency. From Table 1, it is
noted that our proposed design can be fabricated on the relatively
inexpensive FR-4 substrate, which is cheaper than the other
materials. Besides, our sensor has a significantly high Q-Factor
and deepest magnitude (dB) value compared with those of the
design in the studies [8-14].

Table 1. Comparison of the proposed design with other designs
available in terms of various factors.

Reference Res. Freq.(GHz) Magnitude  Substrate Q-Factor

[8] 8.63 -43 dB FR-4 -
[9] 3.03 -38 dB FR-4 16.2
[10] 10.17 —42.18 dB FR-4 430
[11] 2.94 -39.98 dB FR-4 350
[12] 245 -45 dB FR-4 120
[13] 6.105-6.235 - - -
[14] 2.75 -37 dB Rogers 4003 -
This work 2.66 -61.54 dB FR-4 1330

4. CONCLUSION

In this study, a microwave resonator design with high quality,
cost-effectiveness, and repeatability is proposed for sensing
applications. The response of the proposed design with air was
simulated. In addition, instead of the FR-4 dielectric substrate
used in the proposed design, Rogers RO3003, RO4003C, and
RT5870 materials were simulated, and their reactions were
observed. According to the results obtained, it is understood that
the FR-4 dielectric substrate is more efficient than other materials
based on geometry-dependent optimization effects. In addition,
the electric field distribution analysis of the proposed design was
performed, and it was shown that the intensity of the electric field
was more intense in the parts forming the resonator (red bubble),
especially in the capacitive regions of the resonator. Furthermore,
the performance parameters of the proposed sensor design, Q-
factor, were evaluated. The calculations showed that the sensor
design has a Q-factor of 1330. The proposed sensor design was
compared with other sensor designs in the literature, using several
criteria as references. Based on these comparison results and
analyses, the proposed microwave sensor design is a promising
candidate for sensing applications.
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